By applying opposite magnetic field, a maximum MOIF shift close to 400 μm can be obtained with special waveguide configuration. MO effect will provide a new method to enhance and modulate the transverse shifts of LHCP and RHCP lights, which has not been considered up to now.
Introduction
When an optical beam with a finite width undergoes reflection at a planar dielectric interface, the center of the reflected beam may show a small spatial shift perpendicular to the incidence plane relative to the position predicted by geometrical optics. This spatial shift is called Imbert-Fedorov (IF) shift which was theoretically predicted by Fedorov and experimentally confirmed by Imbert [1] - [2] . IF manifests itself as the splitting of a linearly polarized beam into left-handed circularly polarized (LHCP) and right-handed circularly polarized (RHCP) components which is induced by the spin-orbit momentum coupling to conserve total angular momentum [3] - [4] . The IF shift is sometimes referred to spin Hall effect of light (SHEL) [5] , which holds great application potential in precision metrology and quantum information processing [6] . Generally the IF shift is on the subwavelength scale and is difficult to be directly measured with conventional experimental methods. Therefore in recent years, researchers take measures to enhance and modulate the IF shift to facilitate its application. As a special kind of functional material, magneto-optical (MO) material shows unique modulation to IF shift as its eigenmode is circularly polarized light [7] - [10] . In ordinary waveguide, the IF shifts for LHCP and RHCP are symmetric. As LHCP and RHCP lights have different effective refractive indices in MO waveguide, their IF shifts are originally asymmetric. It can be expected that MO effect will provide a new method to enhance and modulate the splitting between LHCP and RHCP light which has not been considered up to now. The IF shift modulated by MO material may be called as MOIF effect.
In this paper, we study the IF and MOIF effect in a prism coupling configuration with MO material. We mainly study the influence of Kerr rotation on IF effect which includes the configurations of polar and longitudinal MO Kerr effects. An effective refractive index method for MO waveguide is obtained based on the solution of Maxwell's equations. The IF and MOIF shifts for different prism and MO thickness are discussed based on simulation results.
Model and Theoretical Analysis
The proposed structure is a Prism coupling configuration with MO material as shown in Fig. 1 . The refractive indices of the prism (layer 1), MO material (layer 2) and silica substrate (layer 3) are defined as n 1 , n 2 and n 3 , respectively. The thickness of MO material is denoted by d 2 . The relative permittivities of the prism and substrate are ε 1 and ε 3 , respectively. Their relative permeabilities are equal to 1.
In order to get the effective refractive index of MO layer we derive a wave equation of
in which E is the complex electric field amplitude and n is the effective refractive index of light with an incident angle of θ. Hereε is the relative permittivity tensor in the MO layer in the form of [11] 
in which ε 20 is the diagonal component and g is the nondiagonal component. Here θ is the angle between magnetization direction and z-axis. When θ = 0°, the waveguide corresponds to polar MO Kerr effect configuration. When θ = 90°, the waveguide corresponds to longitudinal MO Kerr effect configuration. Equation (1) has a non-trivial solution when the determinant of the coefficients vanishes:
By solving the above equation, we can get the effective permittivities of RHCP and LHCP components:
The above effective refractive indices include the effect of off-diagonal components of MO permittivity tensor. This means the magnetization direction or intensity changes the effective refractive indices for LHCP and RHCP components which lead to the MOIF effect.
Here we assume the angular spectrum of incident Gaussian profile can be written as
in which e i x (e iy ) and k i x (k iy ) are the unit direction vector and wave vector along x-(y-) axis. The positive and negative signs denote the left-and right-circularly polarized components, respectively. The angular spectra of transmitted and incident light beams have a relationship of [12] 
in which r p and r s represent reflection coefficient of the prism coupling configuration for p-and s-polarized lights, respectively. They can be written as
in which r ij (i = 1, 2, 3 and j = 2, 3, 4) is the Fresnel coefficients for the incident light at i-j interface.
We can obtain r
and r
, k x = n 0 k 0 sin θ and k 0 = 2π/λ. The transverse shift of transmitted light is defined as [12] 
in which the paraxial expressions of the reflected field are
and
When we reverse the direction of applied magnetic field, the MOIF shift can be obtained as
It represents the IF shift change for opposite magnetic field.
Simulation Results and Discussion
We first give the IF shift for RHCP light when the incident light is p-polarized as shown in Fig. 2(a) . The MO material is chosen as Ceyig whose relative permeability is equal to 1. Here we choose λ = 0.66 μm, ε 20 = 5.8357 + 0.1736i, g = −0.0253 − 0.00414i, n 3 = With the increase of prism index, the IF shift peak appears at a smaller incident angle which is determined by the phase-matching condition. To get further understanding about IF effect, we give the values of |r ss |/|r pp | and cos (ϕ s − ϕ p ) in Fig. 2(b) and (c). We can find an IF shift peak corresponds to a large |r ss |/|r pp | (close to 2000) which means the reflectivity of p-polarized light is much smaller than that of s-polarized light. Meanwhile the cos (ϕ s − ϕ p ) shows a sharpest change from −1 to 1. Therefore when IF effect is enhanced a strong coupling between spin angular momentum and orbit angular momentum occurs in the prism coupling configuration.
Then we give the IF shifts for RHCP and LHCP components when prism is different as shown in Fig. 3 to get further understanding about the prism influence on IF effect. We choose the same parameters as in Fig. 2 . We can find when IF shift is small, the IF shifts for RHCP and LHCP lights are almost symmetric. When the prism is BK7, an IF shift peak can be found at around 56.5 degree which is obviously narrowed compared with Fig. 3(a), (c) and (d) . Meanwhile the IF shifts for RHCP and LHCP lights are no longer symmetric. This is a special property of IF shift in MO waveguide. As is known to us, the IF shift for incident light is associated with the distribution of electrical field as shown in (9) . In MO waveguide, the effective refractive indices of RHCP and LHCP lights are different. Thus the reflectivity and electrical field distribution of reflected light are different for RHCP and LHCP components. This is the basic reason for the asymmetric IFeffect in MO waveguide.
In the following, we discuss the IF and MOIF shifts for a continuous change of prism index as shown in Fig. 4 . Here we also choose the same parameter configuration as in Fig. 2 . In Fig. 4(a) , there are two IF peak areas with the increase of prim index. The maximum IF shift for RHCP light achieves about 60 μm and the minimum about −60 μm. Here we assume the IF shift in Fig. 4(a) is obtained by applying positive magnetic field which is y(+H) in Eq (14). If we reverse the direction of applied magnetic field, an IF shift of y(−H) can be obtained. The MOIF shift represents the difference between y(+H) and y(−H) is shown in Fig. 4(b) . We can find the maximum MOIF achieves 100 μm in this case. Therefore when the prism index changes continuously it is easier to realize enhancement of IF and MOIF effect. This MOIF effect is induced by the applied magnetic field. When opposite magnetic field is applied on the prism coupling waveguide, the off-diagonal components of permittivity sensor have opposite signs (from positive to negative or vice versa). In this case the effective indices for RHCP and LHCP components are also changed. Thus the electrical field distribution can be altered by the magnetic field. This is why there will be an IF shift different for opposite magnetic field which is called as MOIF shift.
To explore the influence of MO thickness on the IF and MOIF effect, we give the IF and MOIF contours of RHCP light in the Prism coupling configuration with BK7 prism in Fig. 5 . When the MO thickness changes continuously, the IF shift shows a peak when d 2 = 95 nm and θ = 56.5
• . The maximum IF shift achieves 80 μm. In Fig. 5(b) , there is a MOIF shift peak at the same location as in Fig. 5(a) in which the maximum value is 120 μm. It is obvious that the maximum IF shift and MOIF shift appear at the same incident angle and MO layer thickness. We can also find the MOIF shift is not proportional to the MO layer thickness. This means for a prism coupling waveguide, there is a corresponding MO thickness and incident angle at which a maximum MOIF shift can be achieved. Meanwhile the MOIF contour shows a symmetric property when MO thickness changes around 95 nm.
At last, we give the maximum and minimum MOIF shift contours for different prism index and MO thickness. When n 1 = 1.528 and d 2 = 92 nm, the maximum MOIF shift for RHCP light achieves 400 μm. Meanwhile the minimum MOIF shift also achieves −400 μm when n 1 = 1.58 and d 2 = 88 nm. The positive and negative MOIF peaks do not appear at the same prism index and MO thickness. It also shows an asymmetric property of MOIF peaks. Based on the MOIF peak distribution, we can easy find enhanced MOIF effect by proper configuration of prism and MO thickness. For different MO layer thickness and prism index, different MOIF peaks appear. The MOIF peak requires an IF shift peak and obvious magnetic field variation. Thus there must be a phasematching condition for the MOIF shift peak which is determined by the waveguide materials and their thicknesses. We can get a conclusion that as the MOIF shift is associated with the electrical field distribution and magnetic field modulation, MO material provides an effective method to control the spin-orbit coupling of IF effect.
It can be found that magnetic field can be used as an effective method to enhance and modulate the IF effect for circularly polarized light. Meanwhile by detecting MOIF shifts, the applied magnetic field can be measured. For example, when the applied magnetic field is different the MOIF shift is different. We can get a relation between magnetic field and MOIF shift. As MOIF shift in the proposed waveguide is rather sensitive to the magnetic field variation compared with pure IF effect, highly sensitive magnetic field detection can be realized.
